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ABSTRACT 



Context, Wolf Rayet/black hole binaries are believed to exist as a later evolutionary product of high-mass X-ray binaries. Hundreds 
of such binaries may exist in galaxies, but only a few of them are close enough to be observed as X-ray binaries. Only a couple of 
candidates have been reported so far. 

Aims. Based on XMM-Newton observations, we report the positional coincidence of the brightest X-ray source in NGC 300 

(NGC 300 X-l) with a Wolf-Rayet candidate. Temporal and spectral analysis of the X-ray source is performed. 

Methods. We determine an accurate X-ray position of the object, and derive light curves, spectra and flux in four XMM-Newton 

observations. 

Results. The positions of the X-ray source and the helium star candidate coincide within C.' 1 1 ± 0745. The X-ray light curves show 
irregular variability. During one XMM-Newton observation, the flux increased by about a factor of ten in 10 hours. The spectrum 
can be modelled by a power-law with T ~ 2.45 with additional relatively weak line emission, notably around 0.95 keV. The mean 
observed (absorbed) luminosity in the 0.2-10 keV band is ~ 2 x 10 38 erg s -1 . 

Conclusions. NGC 300 X-l is a good candidate for a Wolf-Rayet/black-hole X-ray binary: its position coincides with a Wolf-Rayet 
candidate and the unabsorbed X-ray luminosity reached L .2-iokeV ~ 1 x 10 3 ' erg s -1 , suggesting the presence of a black hole. 
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1. Introduction 

A helium-star/compact-obiect X-r ay bi nary was sugge s ted by 
Ivan den Heuvel & de Loorel d 1973b and Ivan den Heuvell d 19831) 
to explain th e natur e of Cyg X-3, and discussed further by 
Ivan Kerkwiikl d 1995b . Such systems are believed to be a late 
evolutionary product of high-mass X-ray binaries. HMXBs are 
composed of an early-type star and a neutron-star or black-hole 
(BH) compact object. Material from the strong wind of the star 
is accreted onto the compact object with the emission of X-ray 
radiation. When the secondary star exhausts its core-hydrogen, it 
expands and begins to overflow its Roche-Lobe. A common en- 
velope forms and the compact object starts to spiral in. If the 
hydrogen envelope is expelled before the compact object has 
reached the helium cor e, a stable binary system wi th a short or- 
bital period is formed. lErgma & Yungelsonl dl998l) showed, by 
means of population synthesis, that a few hundred such black 
holes with helium star companions may form in our galaxy. The 
orbital periods of the majority ex ceed lOhrs, with a maximum 
at ~100hrs. However, following llllarionov & Sunvaevl d 19751) . 
the formation of accretion disks from the strong stellar wind of 
a Wolf-Rayet (WR) star is possible only for short orbital peri- 
ods of (<10hrs). The number of such system s is expected to be 
extremely small dErgma & Yungelsonlll998l) . 

In the Galaxy, Cyg X-3 is a good candidate for such a binary 
system. This X-ray source is one of the most luminous in the 
Galaxy with Lx ~ 10 38 erg s" 1 and has a Wolf-Rayet companion 
star designated WR 145a dvan Kerkwiik et aT]|l992l) . A second 
candidate, IC 10 X-l (L x ~ 1 .2 x 1 38 erg s~ 1 ) has been observed 
in the starburst galaxy IC 10 dBauer & Brandtll2004HWang et all 



120051) . Although two othe r much less lu minous candidates in the 
LMC were suggested bvlWand (1 1995b from ROSAT observa- 
tions, iPortegies Zwart et alj d2002l) and iTownslev etaTJ d2006l) 
concluded, partially on the basis of more recent Chandra data, 
that these two objects are more likely to be colliding-wind bi- 
naries. In this paper we report the discovery of a third high- 
luminosity candidate for a WR/BH X-ray binary in the galaxy 
NGC 300. 

NGC 300 is a dwarf spiral galaxy, belonging to the 
Sculptor galaxy gr oup, located at a distance of ~1.88Mpc 
dGieren et al. 2005). Because it is almost face-on oriented and 
has a low Galactic colum n density of Nn = 3.6 x 10 20 cnT 2 
dDickev & Lockmanlll990t) . it is well suited for studies of stel- 
lar content. Based on deep VLT-FORS narrow-band imaging, 
ISchild et all d2003h detected 58 WR star candidates in the central 
region of t he galaxy, of which 16 were already spectrosco pically 
confirmed dSchild & Testoilll991l:lBrevsacher et aTJll997l) . Their 
technique consisted of taking images through two interference 
filters with central wavelengths at 4684A, containing WR emis- 
sion lines, and at 4781 A as a continuum reference, with band 
widths of 66A and 68A, respectively. WR candidates were se- 
lected as having peak intensities of at least 6cr in the difference 
(4684A-4781A) image. 

The X-ray sour ce population o f NGC 300 has been stud- 
ied with ROSAT dRead & Pietschl [2001b and XMM-Newton 
dCarpano et al.1 12005b . With mea n observed lum i nositie s of 
£o.i-2.4kev ~ 2.2 x 10 38 erg s' 1 dRead & Pietschl [2001b and 
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£o.3-6.0keV ~ 1.7 x 10 3S ergs' 1 dCarpano et al.ll2005b . the bright- 
est X-ray source has been suggested to be a black hole of about 
5M . In this Letter, we report the positional coinci dence of this 
source with one of the WR candidates reported by ISchild et al.l 
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( 120031) . We refer to the X-ray source as NGC 300 X - l and to the 
Wolf-Ray et star as WR-41 following ISchild et all (120031) . The 
remainder of the Letter is organised as follows. Section[2]briefly 
describes the XMM-Newton observations and data reduction. In 
Sect. [3] we report the spatial coincidence of NGC 300 X-l and 
the WR 41 . Temporal and spectral analysis of the XMM-Newton 
X-ray source is shown in Sect. |4j while a discussion of our re- 
sults is given in Sect. 



2. Observations and data reduction 

To date, NGC 300 has been observed four times with XMM- 
Newton on 2000 December 26 for 32ksec EPIC-pn time; on 
2001 January 01 for 40ksec; on 2005 May 22 for 35ksec; 
and on 2005 November 25 for 35ksec during revolutions 0192, 
0195, 0998 and 1092, respectiv ely. For each ob servation, the 
EPIC -MOS dTurner etaklhoOll) and EPIC-pn (IStruder et alj 
l200l cameras were operated in full frame mode with the 
medium filter. The data reduction was identical to that per- 
form ed in our analysis of the pr evious XMM-Newton observa- 
tions ( ICarpano et al . 2005, 2006|), except that version 7.0.0 of the 
XMM-Newton Science Analysis System (SAS) and the most re- 
cent calibration files were used. 

High fluxes of proton flares were observed during revolu- 
tions 0192 and 0998. After screening the MOS data for flares 
using the standard procedures described by the XMM-Newton 
tearnj, a total of 30ksec of low background data remained 
in each revolution. A more detailed des cription of the XMM- 
Newton data reduction can be found in ICarpano et al. ( 20051) 
for the first two XMM-Newton observations and ICarpano et al] 
(120061) for the last two. 



3. Position coincidence of NGC 300 X-1 and WR-41 

An accurate XMM-Newton X-ray position of NGC 300 X-l 
was derived considering both statistical and systematic errors. 
Statistical errors depend on the brightness of the source. For 
a source as bright as NGC 300 X-l, they are small compared 
with the systematic errors in the X-ray reference frames of each 
observation. Although merging all four XMM-Newton observa- 
tions would in principle reduce the statistical errors in the ab- 
sence of systematic errors, we chose to use only the data of rev- 
olution 0195, where the source was bright and well separated 
from local instrumental features, such as chip gaps, which af- 
fected the other observations to some extent. 

Initial estimates of the position of NGC 300 X-l and its 
statistical error were derived using the SAS edetect_chain 
task, which performs maximum-likelihood source detection. The 
source was detected with a likelihood L of 44833. Probabilities 
P, are related to maximum likelihood values L, by the relation 
P = 1 - exp (-L). The statistical position error is of 07083 (or 
07077 with the merged data). The systematic errors were tack- 
led with the SAS task eposcorr, which correlates X-ray source 
po sitions with those of t heir optical counterparts, as explained 
by ICarpano et al.l (120051) . For this, we used 12 sources inside 
the galaxy disk that have clear optical counterparts. The sys- 
tematic shift (in the sense X-ray minus optical position) was 
-1725 + 0728 in right ascension and -0735 + 0734 in decli- 
nation. The revised coordinates of NGC 300 X-l are therefore 
arj20oo = 00 h 55 m 10 s .00 and <5 J2 ooo = -37°42'12706, with an un- 
certainty of 0745. 



Fig. 1. 15"xl5" optical (B-band) image centred on the X-ray po- 
sition of NGC 300 X- 1 . The circle represents the 2cr uncertainty 
of the X-ray position, while the box repr esents the position of 
WR-41 determined bv lSchild et~ai](l2003l) . North is up and East 
is left. 

Figure Q] shows the optical (B-band) image of the field 
taken with th e 2.2 m M PG/ESO telescope on La Silla. See 
ICarpano etail d2005l) and ISchirmer et al.l d2003l) for a descrip- 
tion of the optical data and their reduction. The circle repre- 
sents the 2cr uncertainty of the X-ray position, w hile the box 
is cen tred on the position of WR-41, derived by ISchild et al.l 
(120031) . We redetermined the coordinates of the Wolf-Rayet star 
in the broad B-band image, using the IDL find routine, which 
is part of the idlphot photometry libraryQ implemented from 
an early Fortran version of the DAOPHOT aperture photometry 
package dStetsonlll987l) . The revised coordinates of WR-41 are 
arjiooo = 00 h 55 m 09;99 and feooo = -37°42'12716. The absolute 
astrometric accuracy of the optical image is about 0725. The dif- 
ference between the position of NGC 300 X-l and the revised 
positio n of WR-41 is thus 071 1 + 0751 (or 0752 using the posi- 
tion of lSchild et al.l d2003l) ). The spatial coincid ence is compara- 
ble to that found for IC 10 X-l, (0723 + 0730. iBauer & Brandtl 
12004 . which lies at a distance of 0.8 Mpc. 

4. Timing and spectral analysis of NGC 300 X-1 

Figure [2] shows the XMM-Newton light curves of NGC 300 X-l 
separately for revolutions 0192, 0195, 0998 and 1092, incorpo- 
rating background-corrected MOS and pn data. The gaps in the 
data of revolutions 0192 and 0998 correspond to periods of high 
soft-energy proton flux. The time bin size is 300 sec. The light 
curve of NGC 300 X-l is modulated by short-term (few 1000 
sec), large-amplitude (factors of ~4-5) variations in all four ob- 
servations. The same type of short- and long-term variations has 
been reported for IC 10 X-l dBauer & Brandtll2004 IWang et all 
12.0051) . During revolution 0195, the flux increased by a factor of 
10 within lOhrs, and the highest observed luminosity, assuming 
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Fig. 2. EPIC-pn and -MOS 0.2-10.0keV light curve of 
NGC 300 X-l in revolutions 0192, 0195, 0998 and 1092 from 
top to bottom. Periods of high background have been excluded 
from the data. The horizontal lines show the mean values. Times 
start from the beginning of each observation. 
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Fig. 3. EPIC-pn (black) and -MOS (red and green) spectra of 
NGC 300 X-l added for the four XMM-Newton observations. 
The spectrum is fitted with an absorbed power-law model. 
Bottom: residuals expressed in cr. Note the excess in the resid- 
uals around 0.95 keV suggesting the presence of discrete emis- 
sion. 

Table 1. Results of the spectral fits for NGC 300 X-l, 
using an absorbed power-law model and a Gaussian line 
(phabs* (gauss+power) , in XSPEC). 



XMM-Newton rev.: 
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0195 
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1092 
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^ -0.05 
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E L (keV) 
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+0.01 
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<0.10 


1 13 +0 - 35 

1,1 -0.18 
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1 60 +0 30 

1-u -0.29 


^0.2-lOkeV x 10 1 


3 (cgs) 


2 36 +0 14 


5 40 +0 - 19 


4 87 +0 M 


5 56 +a23 

J ' J -0.23 


r obs v i n38 
^0.2-lOkeV * LU 


(cgs) 


1 00 +0 06 


9 90+O.O8 
^■^ -0.09 


2 06 +012 

^• uu -0.13 


9 Q5+0.10 

J -0.10 


j unabs v 1 n38 
L 0.2-10keV A lu 
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i 4^+0.05 
• -0.12 


I 7C+O.O6 
-0.21 


n 1 O+0.11 
j - 18 -0.26 


O O5+0.08 
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6 x 10 38 ergs _1 . The cor- 



isotropic emission, was Lo.2-10.OkeV 
responding unabsorbed luminosity is ~ 1 x 10 jy ergs - '. Using 
periodograms and epoch-folding, no short-time periodic signal 
was found on timescales between 5 sec and 30 ksec. 

Figure [3] shows the pn and MOS spectra of NGC 300 X- 
1. For clarity, we have plotted the total spectra from the com- 
bination of all four observations. We first tried to fit single 
power-law models to the data, where parameters were left free 
in each observation, yielding xll v = 1-32. From the residuals 
shown at the bottom of Fig. [3] some excess around 0.95 keV 
is evident. Adding a Gaussian line significantly improved the 
fit, xll v - 1-15 for v = 1033 degrees of freedom. The best- 
fitting parameters of the absorbed combined power-law and sin- 
gle Gaussian-line model are shown in Table Q] for each obser- 
vation separately. /Vh is the equivalent column density of neu- 
tral hydrogen, F the photon index, £l the energy of the line 
and <t l its width, and NormL and Normr are the normalisa- 
tion constants for the Gaussian line and the power-law compo- 
nent, respectively. The corresponding 0.2-10keV flux, absorbed 
and unabsorbed luminosities are shown in the last three rows. 
Uncertainties are given at 90% confidence level. Allowing a vari- 
able photon index between observations does not improve the fit 



or change spectral parameters within the errors except for revo- 
lution 0998, where N H = 4.78!| ^x 10 20 cnr 2 and T = 

The mean observed luminosity increased by more than a 
factor of two from the lowest state in revolution 0192 to the 
highest in revolution 1092. When the source was brighter, the 
intrinsic absorption, as well as the emission line/continuum ra- 
tio, increased. In revolution 0192, the equivalent hydrogen col- 
umn, /Vh, was compatible with the galactic value (/Vh = 3.6 x 
10 20 cirT 2 ), implying little or no intrinsic absorption in the low 
state. 

We also tried to fit the data using a power-law model com- 
bined with thermal emission from a collisionally ionized plasma 
modelled by apec in XSPEC (version 11.3.2). This thermal 
emission includes both lines and continuum emissivities with a 
best-fit temperature of ~0.86+q ^ keV. This model is statistically 
indistinguishable from the power-law plus Gaussian line model. 



5. Discussion 



WR-4 1 is a Wolf-Rayet candidate discovered by ISchild et~aTI 
d2003l Using narrow band imaging techniques, they measured 
that the flux of the source at A = 4684 + 66A, where strong 
WR emission lines are observed, has an excess of 0.95 mag over 
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the continuum. Its relative magnitude is my = 22.44 mag, which 
corresponds, at a distance of 1.88 Mpc, to an ab solute magni- 
tude of -3.93 mag. Following ISchild et al.l d2003l) . objects such 
as WR-41 are candidates for weak-line single WN-type stars. 

We have shown in this Letter that the brightest X-ray source 
in the nearby galaxy NGC 300, NGC 300 X-l, is likely to be the 
X-ray counterpart of WR-41. This would imply that the system 
is a good candidate for membership in the rare class of WR/BH 
X-ray binaries. Irregular flux variations were observed in the 
four light curves, with a particularly large increase observed over 
about 10 hours during XMM-Newton revolution 0195. The ori- 
gin of these variations is not clear, but likely due to variations in 
the accretion rate and/or variable absorption in the strong stel- 
lar wind of the donor star. We also note that no obvious eclipse 
is visible in any of the light curves. As WR/BH X-ray binaries 
should have small orbital periods <10hrs, we interpret the ab- 
sence of eclipses as a possible indication of face-on orientation 
of the system. 

In the context of a WR/BH X-ray binary, the weak discrete 
emission observed in the spectra of NGC 300-X-l, which is 
likely to be composed of several unresolved lines, may arise 
from reprocessing by the photoionized stellar wind: the X-rays 
emitted around the black hole are ionizing the high density wind 
of the Wolf-Rayet star. This may explain why this emission 
is more pronounced when the X-ray flux is higher. The dense 
wind is probably also responsible for the intrinsic absorption 
that increases as the X-ray source gets brighter. Similar ideas 
explain the weak emission lines observed in Cy g X-3 (e.g., 
iKawashima & Kitamotoll 19961: iPaerels et al.ll2000h and in other 
wind accretors. Faint lines have also be en observed in the X-ra y 
spectrum of the candidate IC 10 X-l dBauer & Brandt! 120041) . 
We note that the contribution of the WR star to the X-ray flux 
is negligible as typical X-ray luminosities are ab out 10 32 ergs' 1 
for single stars and 10 34 erg s -1 for binaries fe . g . . iPollocldl 1 9 87h . 

To conclude, NGC 300 X-l and WR-41 are good candidates 
for membership in the very rare class of Wolf-Rayet/black hole 
X-ray binaries. This conclusion is supported by the spatial coin- 
cidence of the sources as well as the high maximum X-ray lumi- 
nosity near 10 39 erg s _1 . As the nature of WR-41 currently relies 
on narrow-band photometric techniques, we encourage optical 
observers to acquire the spectra necessary to confirm the identi- 
fication of WR-41 as a Wolf-Rayet star. 
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